Background. Microscopic examination of acid-fast-stained sputum smears is the current standard of care in the United States to determine airborne infection isolation (AII) of inpatients with presumptive pulmonary tuberculosis (PTB). However, nucleic acid amplification testing (NAAT) with the Xpert MTB/RIF assay (Xpert) may be more efficient and less costly.
Tuberculosis remains a global problem, including in the United States. In 1989, the Centers for Disease Control and Prevention (CDC) set a goal of eliminating tuberculosis in the United States, defined as <1 case per million individuals [1] . However, in 2014, the CDC reported 9421 new US cases (3.0 cases per 100 000 individuals), substantially in excess of the target [2] .
For inpatients with presumptive pulmonary tuberculosis (PTB), CDC guidelines currently recommend collection of 3 respiratory specimens at 8-to 24-hour intervals, including at least 1 early-morning specimen, with testing by smear microscopy for acid-fast bacilli (AFB) and culture for Mycobacterium tuberculosis (MTB) [3] . Although this approach has reduced tuberculosis transmission in healthcare settings by directing the need for airborne infection isolation (AII), the smear-based strategy suffers from low sensitivity, a requirement for specialized training, and delayed results [4] . In 2009, recognizing the limitations of smear-based diagnosis, the CDC recommended that nucleic acid amplification testing (NAAT) be performed on at least 1 sputum specimen from patients with presumptive PTB, regardless of smear results. Despite this recommendation, NAAT-based testing is inconsistently performed in the United States due to a lack of supporting clinical and economic evidence [5] [6] [7] [8] .
The Xpert MTB/RIF assay (Cepheid, Sunnyvale, California) is a fully automated NAAT that can deliver a result for MTB and rifampin resistance in about 2 hours. In contrast to other NAATs, Xpert can be performed on-demand by personnel with minimal training [9, 10] . On the basis of studies in countries with high tuberculosis burdens, Xpert has been endorsed by the World Health Organization (WHO) and widely deployed [10] [11] [12] [13] [14] [15] [16] . However, few practical studies have assessed whether Xpert is cost-effective in low-burden, high-income countries [5, [17] [18] [19] [20] . Several studies have measured the time required to collect and analyze sputum samples in an inpatient setting and documented low sensitivity and specificity of smear microscopy [21] [22] [23] [24] . A recent systematic review has also shown that patients in respiratory isolation experience more adverse events, a negative impact on mental health, lower satisfaction, and reduced provider contact [25] .
Xpert has been recently cleared for tuberculosis diagnosis by the US Food and Drug Administration (FDA) [26, 27] . We hypothesized that Xpert might reduce the costs of evaluating patients with presumptive PTB in a low-burden setting by reducing the need for AII.
METHODS

Study Setting
Harborview Medical Center (HMC) is a 413-bed public hospital in Seattle, Washington. Each year approximately 200 inpatients are placed in AII for presumptive PTB. Of these, <10% are ultimately culture-positive for MTB. HMC infection control policies require patients with presumptive PTB to remain in AII until 3 consecutive negative AFB smears 8-24 hours apart are obtained and analyzed.
Study Population
A consecutive cohort of patients admitted to HMC between March 2012 and October 2013 was enrolled. Each patient underwent evaluation for PTB at admission with submission of at least 1 sputum sample (≥1 mL) for AFB smear, and culture including Mycobacteria Growth Indicator Tube up to 6 weeks, Middlebrook 7H11 agar up to 8 weeks, and additional methods for speciation and drug susceptibility. Patients receiving ongoing treatment for tuberculosis were excluded. Laboratory records and medical charts were reviewed with approval from an institutional review board. Study design and a patient flowchart are shown in Figure 1 .
Laboratory Methods
For each patient, 1-3 sputum samples were collected at 8-to 24-hour intervals. Testing was performed in the HMC Clinical Microbiology Laboratory. Each sample (≥1 mL) was decontaminated and concentrated for AFB smear (auramine O) and culture. A leftover aliquot (0.5 mL) reserved for Xpert testing was bar coded and de-identified but linked to the patient record through a study identification number. Xpert was performed on the first and the second samples. Medical laboratory scientists were blinded to the results of smear and culture. Detailed procedures are provided in the Supplementary Materials.
Diagnostic Strategies and Airborne Infection Isolation
Five strategies to guide AII were compared: (1) 1 Xpert on an unconcentrated sputum sample; (2) 1 Xpert on a concentrated sample; (3) 2 Xperts on concentrated sputum samples; (4) 2 smears; and (5) 3 smears. For the study it was assumed that AII could be discontinued on the basis of negative results for 1 Figure 1 . Study design, flowchart of inclusion and exclusion of study subjects, and summary of results. *One TB case was classified as 1+ smear positive on 1 of 3 sputum samples, and this case was reported as Xpert MTB negative on the first sputum sample but Xpert MTB-positive on the second sputum sample. Abbreviations: AFB, acid-fast bacilli; BAL, bronchoalveolar lavage; MTB, Mycobacterium tuberculosis; NTM, nontuberculous mycobacteria; SOC, standard of care; TB, tuberculosis; Xpert, Xpert MTB/RIF assay.
Xpert (unconcentrated or concentrated), 2 consecutive Xperts, 2 consecutive smears, or 3 consecutive smears. Because Xpert was approved only for research use at the time the study was initiated, only smear and culture results were reported to clinicians. The 3-smear strategy was used as the actual basis for clinical decisions to discontinue AII (recorded electronically in the patient's chart). For other strategies, hypothetical AII duration was estimated based on assumptions in Supplementary Table 1 .
For this study, all samples were tested by Xpert after they were concentrated, which is required for all currently approved smear protocols to determine the need for AII in the United States. The cost analysis assumed that test performance results would be the same for unconcentrated and concentration sputum samples, which has subsequently been validated [10, 28] .
Analysis of Test Results and Duration of Airborne Infection Isolation
The performance of testing strategies was compared with that of culture (the gold standard for PTB diagnosis) or 3 sputum smears (the gold standard for AII discontinuation). A survival analysis compared AII duration for the 5 testing strategies. Kaplan-Meier survival curves and the medians with interquartile range of AII duration were determined. Kolmogorov-Smirnov test and log-rank were used to detect significant differences between survival curves. The times from AII initiation to submission of the first, second, and third samples for testing were also analyzed by survival analysis to estimate the lower bound of AII duration for various testing strategies.
Cost-effectiveness Analysis
A CEA was conducted using TreeAge Pro Edition 2015. All enrolled subjects' data were included. The cost-effectiveness analysis (CEA) was performed from the institutional perspective, and a decision tree analytical model was developed (summarized in Supplementary Figure 1) , with the time horizon spanning from the time PTB was first suspected and AII initiated to the time of discharge. Clinical and cost inputs of the model and their ranges and sources are summarized in Supplementary Table 2 . Where possible, inputs are observations from this study, and other inputs are based on assumptions from previous studies. Effectiveness was measured as correctly diagnosed positive cases, correctly diagnosed negative cases, and diagnostic accuracy. The primary outcome of the CEA was the incremental cost-effectiveness ratio (ICER), calculated as the differential cost of the base strategies divided by the differential diagnostic accuracy.
One-and 2-way probabilistic sensitivity analyses were performed to identify the most influential model parameters and to test the robustness of the model. Further details of the methods and results of this CEA analysis and the sensitivity analysis are included in the Supplementary Materials.
RESULTS
Patient Population
From March 2012 to October 2013, 329 patients were admitted to HMC for presumptive PTB. Eleven were excluded after chart review: 10 had only a single bronchoalveolar lavage sample submitted for analysis, and 1 patient was on a 4-drug therapeutic regimen for disseminated tuberculosis at the time of admission. Three hundred eighteen admission events were enrolled in this study (307 individual patients: 9 patients were admitted twice, and 1 was admitted 3 times during the course of the study). Table 1 summarizes patient characteristics for the 318 admissions. Mean patient age was 50.3 years, and 78.3% were male; 129 (41.0%) were foreign-born with 123 from a high-risk region (Asia, Africa, Central and South America); 97 (30.7%) were homeless; 76 (23.9%) were HIV-infected; 66 (20.8%) were diabetic. During the study, 289 (91%) of patients had 3 sputum specimens collected, 16 (5%) had 2 specimens collected, and 13 (4%) had 1 specimen collected. For testing strategies that involved analyzing results from 1 sample, we included data from all 318 admission events. For testing strategies that involved analyzing results from 2 samples, we included data from the 305 admission events for which 2 or more sputum samples were collected. Patients had <3 sputum specimens collected for a variety of reasons, including (1) death; (2) early discharge; and (3) inability to get additional adequate sputum samples. No admission events were censored, as there were clear AII end points for each admission, including 3 patients that were never put in AII due to low clinical suspicion for tuberculosis and whose AII duration was recorded as zero.
A total of 20 (6.3%) patients were diagnosed with active PTB on the basis of a positive MTB culture. Patients with confirmed active PTB were more likely to report weight loss, diabetes, or birth in a high-risk country, and less likely to be HIV-infected or homeless (Table 1 ). The mean AII duration was 3.1 days for all admissions, 2.9 days for PTB-negative cases, 7.1 days for confirmed PTB, and 5.7 days for nontuberculous mycobacterial (NTM) infections. The average admission duration was 8.4 days and was similar for PTB and non-PTB cases but substantially longer for NTM cases (14.4 days).
Test Performance
The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of each testing strategy relative to culture are presented in Table 2 . The highest sensitivity was observed for 2 Xperts, followed by 1 Xpert, 3 smears, and 2 smears, respectively. The specificities of the 5 strategies were similar (0.97-1.00), with slightly higher specificity observed for Xpert compared with smear. The NPV of the 5 strategies was also similar (0.99 for 3 smears, 0.98 for 2 smears, 0.99 for 1 Xpert, 1.00 for 2 Xperts). However, the PPV was substantially superior for Xpert-based strategies: 1.00 for 1 Xpert and 0.95 for 2 Xperts; compared with 0.64 for 3 smears and 0.70 for 2 smears, due to several patients with positive AFB smears from NTM infections.
Twenty-four patients had at least 1 positive AFB smear result. Of these, 16 were confirmed to have MTB by culture, and 8 harbored NTM. Four patients with negative smears grew MTB from culture. No MTB isolates were found to be resistant to first-line tuberculosis drugs by standard drug susceptibility testing. A single Xpert identified 17 of 20 culture-confirmed MTB cases (15 AFB sputum smear-positive cases and 2 smear-negative cases). Xpert identified 1 patient with PTB as having rifampin resistance, but this was subsequently determined to be a false-positive result based on phenotypic susceptibility testing of the MTB isolate and sequence analysis of the rpoB gene. The false-positive rifampin result was attributed to the presence of a synonymous rpoB mutation. Two Xperts identified an additional smear-positive culture-confirmed case (with 1 of 3 samples 1+ AFB smear-positive), and 1 additional smear-negative MTB case. Confidence intervals were calculated using the exact (Clopper-Pearson) confidence limits for the binomial proportion.
Abbreviations: CI, confidence interval; MTB, Mycobacterium tuberculosis; NPV, negative predictive value; PPV, positive predictive value; Smears, sputum smear microscopy; Xpert, Xpert MTB/RIF. a Test performance of 1 Xpert unconcentrated and 1 Xpert concentrated is assumed to be the same in the cost-effectiveness analysis based on published studies [10, 28] . The performance reported here is from 1 Xpert concentrated. 
Duration of Airborne Infection Isolation
After clinical evaluation for PTB at admission, patients were placed in AII. The first sputum specimens were submitted to the laboratory a median of 4.1 (IQR, 0. Figure 3) . A typical patient without PTB remained in AII for 2.9 days awaiting 3 negative smears ( Table 1 ). The survival analysis of AII duration showed that a strategy based on a single Xpert on either unconcentrated or concentrated sputum could significantly reduce AII duration in comparison to 2 Xperts, 2 smears, or 3 smears on concentrated samples (P < .001 for both Kolmogorov-Smirnov test and logrank test). Specifically, the median duration of AII would be 6. (Figure 2 ). AII differences for 2 Xpert, 3 Xpert, or smear with concentrated samples are modest, as most of these samples were batched, analyzed, and reported at the same time.
Cost-effectiveness
The base case analysis showed that the 1 Xpert unconcentrated strategy would save $7002, $8889, $ 9082, or $11 446 compared with 1 Xpert concentrated, 2 Xperts, 2 smears, and 3 smears per PTB suspect, respectively. One Xpert also had a higher probability of detecting true PTB cases and excluding non-PTB cases. As a result, 1 Xpert unconcentrated was cost-saving at an ICER of -$320 893 compared with 2 smears and -$363 987 compared to 3 smears. Compared to 2 Xperts, the 1 Xpert concentrated strategy would save $1887 per case of suspected PTB, with a slightly lower probability of detecting PTB cases but a higher probability of excluding non-PTB cases. The 2-Xpert strategy is more expensive but still cost-effective, with an ICER of $73 926 compared with 3 smears (results shown in Table 3 ). One-way sensitivity analyses (Supplementary Figures 4 and  5) revealed that the primary determinant of cost savings with the 1 Xpert strategies was a reduction in AII duration, which also impacted the overall duration of hospital stay. The superior sensitivity and specificity of Xpert, together with the low prevalence of PTB, was also more influential than other variables in determining the cost savings for a 1-Xpert strategy compared with smear. Notably, Xpert obviated the need for AII in patients with NTM, whereas smears did not. This is of particular importance in a low-burden setting, as the prevalence of NTM is higher than that of PTB in the United States [29] . Monte Carlo probabilistic sensitivity analyses demonstrated that a 1 Xpert unconcentrated strategy is more cost-effective than the other 4 strategies (99.99% of the time at a willingness-to-pay of US$50 000) (Supplementary Figure 2) .
DISCUSSION
In this single-center observational cohort study and CEA, Xpert-based strategies decreased AII and cost compared with the standard of care, 3 AFB smears, in a high-resource, low-burden inpatient setting. Three smears detected only 80% of confirmed PTB cases, with a median AII time of 57.7 hours. Two Xperts resulted in a median AII time of 56.5 hours while Figure 2 . Kaplan-Meier curves of AII duration by 5 testing strategies: 3 smears, 2 smears, 1 Xpert concentrated, 1 Xpert unconcentrated, and 2 Xperts. Abbreviations: AII, airborne infection isolation; conc., concentrated sputum sample; IQR, interquartile range; Smears, acid-fast bacilli sputum smear microscopy; unconc, unconcentrated; Xpert, Xpert MTB/RIF assay.
detecting 100% of smear-positive cases and 75% of smear-negative, culture-positive cases. A 1 Xpert concentrated sputum strategy reduced median AII time to 46.3 hours and detected 94% of smear-positive and 50% of smear-negative cases. The single missed smear-positive case contained 1+ AFB on only 1 of 3 sputum samples analyzed by microscopy. One Xpert on an unconcentrated sputum (assuming comparable sensitivity to a concentrated sputum) would result in a median AII time of just 6.2 hours, with cost savings of up to $11 466 per patient relative to AFB smear microscopy.
In contrast to an earlier study that found poor sensitivity of Xpert in a low-burden setting [30] , we found Xpert-based strategies to be highly sensitive and specific relative to AFB smears, extending earlier observations from high-burden settings [9, 10] . Improved Xpert performance in our study may have resulted from higher-quality sputum samples relative to the earlier study, which relied exclusively on induced specimens.
Advantages of NAAT depend on local tuberculosis prevalence. In high-burden settings, the greater sensitivity of Xpert allows rapid diagnosis of approximately three-quarters of smear-negative, culture-positive PTB cases and offers rapid testing for rifampin resistance, enabling earlier initiation of appropriate treatment and infection control measures. In low-burden settings, the ability of Xpert to distinguish smear-positive patients with NTM infections from those with PTB is a critical advantage. As many as 30% of smear-positive cases in the United States result from NTM, yielding a substantially higher PPV for Xpert relative to smear [29] . Detecting more true negatives in a low-burden setting can avoid unnecessary empiric treatment and AII [19] . The present study supports analyses suggesting that Xpert implementation in the United States is cost-effective and can reduce AII duration [5, 31] . However, although 2 Xperts are incrementally more sensitive than 1 Xpert, a requirement for 2 sputum samples would limit the benefits on turnaround time and cost.
A single-Xpert strategy was cost-saving in a variety of sensitivity analyses, suggesting that replacement of 3 AFB smears with Xpert to determine the need for AII would result in cost savings for most US hospitals. At HMC, assuming that 200 patients are admitted with presumptive tuberculosis annually, a single unconcentrated Xpert testing strategy for AII could eliminate up to 10 304 hours of AII and save as many as $2 289 226 for HMC annually. Assuming that 100 smears are performed for every tuberculosis case detected in the United States [2, 32] , and approximately 20% of presumptive tuberculosis cases are evaluated as inpatients [5] , an Xpert-based testing strategy could save the national healthcare system up to 3 235 799 hours of AII and $718 893 272 annually, if the results from this study are extrapolated to other hospitals.
This CEA considered the risk of missed tuberculosis cases by including a penalty for potential inpatient transmission [33] . Despite that consideration, both the base case and sensitivity analyses revealed that a single-Xpert strategy was cost-saving compared with 2 Xperts. A 2-Xpert strategy was equivalent to 1 Xpert only if the willingness-to-pay was close to $1 750 000 or tuberculosis prevalence was as high as 0.63. Nevertheless, the use of 2 Xperts is not precluded if PTB is strongly suspected or the initial specimen is suboptimal. One limitation of this study is the hypothetical nature of the Xpert scenarios. The calculated impact of Xpert on AII duration was based on proxy measures because the test was not FDA-cleared to remove patients from AII at the time of the study. Accordingly, we have conservatively estimated the potential impact of Xpert in reducing AII, although the laboratory processing time for Xpert is in fact shorter than that for AFB smears [31, 34] . The cost-savings from a 1-Xpert strategy on unconcentrated sputum may actually be underestimated rather than overestimated. Another limitation is the lack of drug-resistant tuberculosis cases, as no resistant isolates were detected during the study period. In high-burden settings, Xpert can dramatically reduce the time to diagnosis of drug-resistant PTB [9, 10] , although a rifampin-resistant result has a low PPV if the prevalence of drug-resistant tuberculosis is low [10] . A third limitation is the collection of base-case input data from a single institution and performance of the CEA from an institutional perspective, which may limit the generalizability of the findings. However, the probabilistic sensitivity analyses showed that a 1-Xpert strategy reduces costs across input ranges likely to encompass other US institutions. Given the institutional perspective, we did not consider other real-world benefits of Xpert outside the institution, such as reduced transmission, adverse events, or diminished patient satisfaction or mental health as consequences of AII [25, 35, 36] . The cost savings and benefit from a 1-or 2-Xpert strategy may be even greater from a societal perspective [37] .
In resource-limited countries with high tuberculosis burdens, the WHO recommends early testing with NAAT and drug susceptibility testing, and has supported the rollout of Xpert in >110 countries [11] . However the United States has not yet implemented the routine use of NAAT for PTB diagnosis and AII discontinuation. The major barrier to adoption of NAAT in developed countries has been uncertainty regarding relevant test performance, clinical utility, and cost-effectiveness [5, 7, 20, 30, 38] . In February 2015, the FDA cleared the Xpert assay with an additional indication to enable clinicians to use 1 or 2 negative test results to discontinue AII [39] . The present study addresses these issues and provides robust support for replacing AFB smears with a single Xpert assay as the optimal strategy to guide AII in patients with presumptive PTB.
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